A bstract. Thermal reversion of the far-red absorbing form of phytoohrome to the red absorbing form in darkness has been investigated in crude and partially purified isolates from a nuimber of etiolated and light grown higher plants. The influence of temperature, aging and urea on the rate of reversion was also determined.
A bstract. Thermal reversion of the far-red absorbing form of phytoohrome to the red absorbing form in darkness has been investigated in crude and partially purified isolates from a nuimber of etiolated and light grown higher plants. The influence of temperature, aging and urea on the rate of reversion was also determined.
Phytochrome isolated from all higher plants underwent reversion. The reversion proceeded in at least 2 distinct stages; a short rapid initial phase being followed by a slow phase which oontinued for many hours. Reversion rate was highest in phytochrome isolated from green leaves of parsnip (Pastinacea sativa) and lowest in tihat isolated from etiolated oats (Avena sativa). Although the rate of reversion could be changed by miodifying the tertiary structure of the protein component, the large differences in rate appeared to be characteristic of the plant source. Observed in vitro rates of reversion are slower than those occurring in vivo. Removal of other buffer solubilized material during purification had little effect on the rate of reversion of phytochrome isolated from etiolated material.
Physiological evidence originally suggested that a thermal reversion of the far-red absorbing form of phytochrome (PFR) to the red absorbing form (PR) may occur in darkness (3) . Other results thought to support this possibility have since been found to be caused by phytochrome ('PFR) decay (5) . Because the reversion process may be an important part of the timing mechanism in photoperiodism, it is essential to obtain more direct evidence of the reactions occurring in green leaves. Interpretation of direct in vivo spectrophotometric data would be difficult because of the interference caused bv large amounts of chlorophyll (20) . Recent attempts to study the process in non-chlorophyllaceous tissues have produced a variety of conclusions. In etiolated seedlings (4) and in some plant tissues not previously exposed to light; i.e. brussel sprout receptacles (13) and gladiolus corms (15) , 'PFR shows a rapid and often complete destruction rather than reversion following its generation with red light. Even after inhibition of PFR destruction with respiratory inhibitors such as CO, cyanide and azide, Butler and Lane (5) found little or no reversion of PFR to PR in etiolated maize seedlings. In etiolated peas however, Furuya et al. (10) suggest that inhibition of decay can be accompanied by an increase in what they interpret as reversion.
In some light grown or light stored tissues such as cauliflower curds (5) and parsnip roots (15) , phytochrome reversion certainly occurs, and in these instances reversion is accompanied bv little or no PFR destruction. In these tissues it is difficult to envisage a function for phytochrome, and the question exists as to whether this is a normal phvtochrome response.
Investigations uising partially purified solutiofis of phvtochrome have not clarified the situation.
Bonner (1) reported that phytochrome isolated from etiolated peas could undergo a reversion of PFR to PR but the absorbancy change at 725 nm was less than that at 665 nm. A similar phenomenon has been reported in barley isolates (12), but Butler et al. (6) put these observations down to partial denaturation. They found for example, that phytochrome freshly purified from etiolated oats underwent no thermal transformations after several hours at room temperature, yet exhibited some dark reversion with unequal optical density changes after denaturation with urea. After excluding oxygen from his buffers Mumford (18) reports that a dark reversion of oFc to PR occurs in freshly prepared solutions of phytochrome from oats. The reaction is reported to be first order with respect to PFR' and highly temperature dependent with a calculated PFR half-life of about 9 hours at 250.
Factors which may be responsible for these contradictions have been investigated. An attempt has also been made using in vitro data to extrapolate from measurable in vivo dark reversion rates (i.e. parsnip root) to the situation which may exist in green leaves.
Oats were grown in vermiculite at 240 in complete darkness. After 5 days the coleoptiles (8 cm in length) and enclosed primary leaves were harvested under dim green light. They were usually frozen with the aid of dry ice before use. Frozen material was not stored for longer than 4 weeks. Peas were also grown in complete darkness at 240 in vermiculite. After 7 days the plumular hooks were harvested under dim green light and stored frozen.
Parsnip cultivar "All American" was used since it was knowvn to be high in phytochrome (16) . Parsnips were grown in a soil-pumice-peat mixture at 180 to 250 in a glasshouse with supplementary lighting to give continuous illumination. Plants were fed an Fe-EDTA modified Hoaglands nutrient solution every second day. Roots were harvested after 3 months when they were 7 inches long. Young leaves 6 to 10 inches long were taken at the same time.
Methods and Results
Phytochrome Estimations. The dark reversion of phytochrome in crude or partially purified solution was determined in a Perkin Elmer 450 recording spectrophotometer in 10 X 100 mm cylindrical cells. The sample holder was maintained at the desired temperature with a "Forma-Temp" constant temperature bath. Sample and reference compartments were purged with dry nitrogen to reduce condensation on the optical surfaces. Solutions containing phytochrome were irradiated with light obtained by passing the output of a projector (500W tungsten lamp) through heat absorbing glass (KG3-Jena Glaswerk Schott and Gen., Mainz, Germany) then through Baird 10. Samples were kept on ice in the dark whenever possible, but no attempt was made to completely exclude light from the sample during the purification procedures. After grinding the homogenate was strained through several layers of nvlon mesh and centrifuged for 15 minutes at 12,000 X g. Phytochrome in the supernatant was partially purified by the method of Tavlor and Bonner (23) . In some cases gradient elution from brushite (21) was substituted for the final elution from DEAEcellulose but this did not appear to have any effect Phytochrome prepared from oats in this manner was capable of undergoing a significant degree of reversion (see fig 1) at 10. The reaction was not first order with respect to PFR although rate "constants" calculated for longer periods of reversion (i.e. 13-66 hr) span those given by Mumford (18) for partially purified oat phytochrome at 100. The phytochrome was relatively stable showing a 14 % loss in optical reversibility at 10 over a period of 6 days, during which time it was subjected to repeated photoreversals. The yield of phytochrome from light grown parsnip leaves was calculated to be 2.5 X 10-3 A (AOD ) cc/g dry weight by assuming that the overall recovery was similar to the eventual 10 % yield of phytochrome from etiolated peas put through a similar purification procedure. The absorption maxima of the red and far-red forms as seen by difference spectroscopy were very close to the respective X max of phytochrome isolated from parsnip roots. The far-red absorbing form of the pigment had a faster rate of reversion than that seen in any previous phytochrome preparations (see fig 3) ; half the PFR having reverted after one and one-half Phytochrome partially purified from peas in this manner underwent reversion of a very similar nature to that reported by Bonner (1) . Figure 4 shows the absorption spectra of the red and far-red absorbing forms of the pigment and a number of successive traces of reversion of the sample. It is obvious that the optical density increase in the red is far greater than the decrease in the far-red over the first hour, and that over longer times this difference becomes less pronounced. This, along witl a slight shift in the position of the isosbestic point to shorter wavelengths, suggest figure  4 . Rates of change in 'absorbance occurring at the A max of the red aanid far-red absorbilng formns have been plotted separately. Breaks in the shape of the curves over short (fig 5a) and long (fig 5b) abolish the initial rapid phase. It would be tempting to assume that 2 M urea has merely caused denaturation of the rapidly reverting fraction of PFR. Yet after correction for dilution, the overall loss of photoreversible phytochrome during addition of the urea is only 4 %, while the rapidly reverting fraction appears to make up approximately 10 % of the PFR in freshly prepared pea isolates.
It was difficult to be certain that the ratio of optical density changes during photoconversion and dark reversion were similar to that exhibited bv the sample before addition of urea, A slow increase in absorbance at shorter wavelengths causes the whole baseline to tilt after urea addition. Nevertheless the extent of the optical density changes in the red and in the far-red did appear to be normal when an attempt was made to correct for this.
Discussion
It is clear that phytochrome prepared by several techniques from a number of etiolated and light grown plant sources and purified to different degrees, is capable of reverting in darkness from the far-red absorbing form to the red absorbing form. The reaction appears similar to that reported in isolates of etiolated peas by Bonner (1) and in vivo in cauliflower curds by Butler et al. (5) . It proceeds in at least 2 stages, a short relatively rapid phase being followed by a very slow phase. A preliminary analysis of the reversion process occurring in isolates of etiolated rye seedlings has also led Edwards and Correll (9) to suggest that the mechanism is more complex than either a first or second order reaction. Mumford (18) maintains that the reversion process in oat isolates is first order but his rate constants appear to fall with time and he gives no "constants" calculated from short time intervals which would show up a possible 2 phase process most clearly. Buffers used throughout this work were freshly boiled, but there was no clear indication that removal of dissolved oxygen influenced the reversion process. When phytochrome isolated from etiolated oats reverts, optical density changes at the absorption maxima of the 2 forms are reasonably similar when measured over long time intervals. During the initial rapid phase of the process however, the ratio of ,OID 725 to AOD 665 is significantly lower than unity. This variation in the ratio of optical density changes during reversion is more obvious in phytochrome prepared from etiolated peas where the initial rapid phase is more extensive and the reversion process as a whole is more rapid. This data is interpreted as meaning that intermediates exist in the in vitro dark reversion process and that these intermediates have absorption spectra differing from either PFR or PR. Data in this work are not sufficient to determine their number or absolute absorption spectra, but they can be seen to have half-lives several orders of magnitude longer than intermediates known to occur in PR i PFR phototransformations (17) . Large differences in the ratio of optical density changes (A0D725/A0D,05,) during reversion of oat phytochrome reported by Butler et al. (6) are presumably due to massive denaturation of the sample.
It is difficult to be certain what part denaturation plays in the in vitro results obtained in this work. The author has been unable to prepare samples of oat phytochrome which did not revert whatever precautions were taken to prevent denaturation, and direct spectroscopy has demonstrated reversion in vivo in some non-chlorophyllaceous plant tissues (15) . Molecular changes occurring in the reversible phototransformations of phytochrome may involve an isomerization (17) of the bilitriene (19) chromophore followed by a conformational change of the protein component (6) . Since the reversion process is purelv thermal, factors which influence protein configuration could influence the rate at which dark reversion occurs. There is some data which support this. Low molarities of urea (2 M) (23) showed good stability during storage. The ratio of optical density changes at peak wavelengths and quantum efficiencies for photoconversion were also similar to those reported for oat phytochrome which is assumed to be nondenatured (6, 21 (2) .
It has been noted that the reversion process both in vizvo and in vitro appears to proceed in at least 2 distinct phases. This may mean that there are at least 2 naturally occurring forms of phytochrome. There is some physiological and direct spectrophotometric evidence which may support this. Briggs and Chon (7) report that dosages of red light sufficient to saturate the phototropic sensitivity of corn coleoptiles are 100 times too small to induce measurable phytochrome transformations. This and the rapid decay of the bulk of PFR in etiolated seedlings have given rise to the concept of active and inactive phytochrome fractions (14) . If phvtochrome isolated from light grown parsnip leaves is indeed "active" phytochrome, its pattern of reversion although more rapid is still basically similar to that of "inactive" phytochrome obtained from etiolated peas. Of more direct interest is the observation bv Spruit (22) that a different form of phytochrome exists in the leaves of etiolated peas than in the internode immediately below the leaves. These forms detected by difference spectroscopy differ in the position of their absorption maxima and in the ratio of optical density changes at their absorption maxima during phototransformations. It seems likely that different forms of phytochrome exist in some plant species and possibly within the same plant. These differences most obviously being in the rate of dark reversion of PFR to PR and in the position and magnitude of the absorption maxima of the 2 forms.
Some intracellular control of the rate of dark reversion would seem important to the cell. Results obtained in this work are interpreted as indicating that slight changes in the tertiary structure of the protein component can markedly influence the rate of the reversion process.. In the intact cell this could be brouglit about in a number of ways. Mumford (18) has hypothesized that binding of a small molecular weight modifier may control the configuration of the protein. Successive purification steps in the isolation of phytochrome from etiolated tissues do not give any evidence of a compound of this type, since purification does not markedly alter the reversion rate of the phytochrome. Membrane binding of phytochrome could also influence protein configuration and so control the rate of reversion. The turning off of enzyme activity is usually accom- plished by the regulation of protein synthesis and degradation.. Reversion of the active form of phytochrome to an inactive form in darkness is a novel form of regulation. Elucidation of any intracellular control of this reaction would be very worthwhile.
